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ABSTRACT
We study the evolution of close binary systems in order to account for the existence of the re-
cently observed binary system containing the most massive millisecond pulsar ever detected,
PSR J0740+6620, and its ultra-cool helium white dwarf companion. In order to find a progen-
itor for this object we compute the evolution of several binary systems composed by a neutron
star and a normal donor star employing our stellar code. We assume conservative mass trans-
fer. We also explore the effects of irradiation feedback on the system. We find that irradiated
models also provide adequate models for the millisecond pulsar and its companion, so both
irradiated and non irradiated systems are good progenitors for PSR J0740+6620. Finally, we
obtain a binary system that evolves and accounts for the observational data of the system
composed by PSR J0740+6620 (i.e. orbital period, mass, effective temperature and inferred
metallicity of the companion, and mass of the neutron star) in a time scale smaller than the
age of the Universe. In order to reach an effective temperature as low as observed, the donor
star should have an helium envelope as demanded by observations.
Key words: (stars:) binaries (including multiple): close, (stars:) pulsars: general
1 INTRODUCTION
Millisecond pulsars (MSP) are neutron stars (NS) with very short
and stable spin period (P 6 30 ms, P˙ 6 10−19). They are widely
considered as an useful tool for testing fundamental physics and
studying gravitational waves emission, binary stellar evolution, and
even the properties of the interstellar medium. At present we know
that there are several MSPs in binary systems (Manchester, et al.
2005), most of them orbiting together with another NS or with a
white dwarf (WD). If the orbit of the system is nearly edge on,
the mass of the NS and its companion can be inferred with high
precision by radio timing observations, with the measurement of
the relativistic Shapiro delay (Shapiro 1964). Knowing the NSmass
is critical for understanding the interior of these stars, since the
mass provides a strong constraint in the equation of state of matter
at supra-nuclear densities; see, e.g., Lattimer & Prakash (2004).
Sometime ago it was widely believed that NSs had a typ-
ical mass value of ≈1.4 M⊙ (usually called the “canonical mass
⋆ Fellow of the Consejo Nacional de Investigaciones Cientı´ficas y Te´cnicas
(CONICET)
† Member of the Carrera del Investigador Cientı´fico, Comisio´n de Investi-
gaciones Cientı´ficas de la Provincia de Buenos Aires (CIC). Email: oben-
venu@fcaglp.unlp.edu.ar
‡ Member of the Carrera del Investigador Cientı´fico of CONICET. Email:
adevito@fcaglp.unlp.edu.ar
value”). Nevertheless, recently it has been possible to measure sev-
eral MSP’s masses largely exceeding this value. Particularly rel-
evants are the cases of PSR J1614-2230 with 1.928 ± 0.017 M⊙
(Demorest, et al. 2010; Fonseca, et al. 2016) and PSR J0348+0432
with 2.01 ± 0.04 M⊙ (Antoniadis, et al. 2013). For an updated re-
view on this topic see Lattimer (2019).
Very recently, Cromartie, et al. (2019) announced the obser-
vation of the most massive NS ever detected. It belongs to the
PSR J0740+6620 system, discovered by Stovall, et al. (2014). This
NS has a mass of 2.14+0.10
−0.09
M⊙ (68% credibility interval) and
2.14+0.20
−0.18
M⊙ (95.4% credibility interval), with a spin period PS =
2.89 ms. The mass of the companion is M2 = 0.258(8) M⊙ and the
orbital period of the binary is 4.77 d. Independently, Beronya, et al.
(2019) reported observations of the MSP J0740+6620 companion,
finding that it is an ultra-cool WD with a pure helium atmosphere
and an effective temperature Te f f 6 3500 K.
PSR J0740+6620 represents an extremely interesting object
of study since it is likely the most massive NS known to date.
One of the most straightforward and relevant application of the
observed mass value is to put a fundamental constraint on the
equation of state (EOS) of dense matter. For a given EOS we
can integrate the equations of General Relativistic stellar struc-
ture (known as the Tolman, Oppenheimer and Volkoff equations)
and find its corresponding mass vs. radius relation. In particular,
it is possible to calculate the maximum mass object it allows to
exist. Many of the several proposed EOSs are unable to support
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2.14+0.10
−0.09
M⊙ against gravitational collapse (see, for example, Fig. 2
of Lattimer & Prakash 2004). So, the very existence of a NS as
massive as that present in PSR J0740+6620 is sufficient to discard
them as unrealistic.
On another side, it is interesting to find the way the sys-
tem PSR J0740+6620 could have been formed. This is the goal
of the present paper. For this purpose, we study the evolution of
a set of close binary systems composed by a normal, non de-
generate star together with a NS1 that accretes mass from its
companion. The companion acts as a donor star, and eventu-
ally evolves into a WD. This is a standard scenario explored by
several authors as, e.g., Podsiadlowski, Rappaport & Pfahl (2002),
Benvenuto & De Vito (2005), and Tailo, et al. (2018). The NS be-
comes a MSP as a result of the increase of its mass and angular
momentum due to mass transfer from its companion (Alpar, et al.
1982). This standard scenario predicts a long and stable episode
of mass transfer as a consequence of the nuclear evolution of the
donor star and angular momentum losses, and a small number of
RLOFs due to thermonuclear flashes (Benvenuto & De Vito 2005).
Pfahl, Rappaport & Podsiadlowski (2003) first performed a
study that combines binary population synthesis in the Galac-
tic disk and detailed evolutionary calculations of low - and
intermediate-mass X-ray binaries (L/IMXBs). In their comprehen-
sive work, the authors computed distributions of the orbital periods,
donor masses, mass accretion rates of L/IMXBs, and orbital-period
distributions of binary MSPs. In particular, they studied the distri-
bution of NS masses resulting from close binary evolution. Their
calculations lead to the formation of NSs as massive as ∼ 2.5 M⊙.
Employing the MESA code, Lin, et al. (2011) computed an
extensive grid of binary evolutionary tracks with initial donor
masses in the range of 1 − 4 M⊙ and initial orbital periods between
10 and 250 h. Of particular interest is their Figure 4, where it is
shown that NS masses greater than 2 M⊙ are possible for systems
with the low mass companions (∼ 0.15−0.25 M⊙), and orbital peri-
ods between 10 and 80 h. They applied their results to PSR J1614-
2230, which has a 1.97 ± 0.04 M⊙ NS (Demorest, et al. 2010), an
orbital period of 8.7 days, and a companion star of 0.5 M⊙. The au-
thors claim that an initial 1.4 M⊙ NS together with a 3.4 − 3.8 M⊙
donor star mass evolves and reproduces the present configuration of
PSR J1614-2230. However the final NS high mass value is not eas-
ily reached. Indeed, to fit the current mass of the NS, it must have
initially been at least of 1.6 ± 0.1 M⊙. In the same way, the calcu-
lations made by Tauris, Langer & Kramer (2011) require a NS that
was born with a mass greater than the canonical value of 1.4 M⊙ to
fit the observed pulsar mass in PSR J1614-2230.
The standard model includes neither evaporation of the donor
star by radio pulsar irradiation nor X-ray irradiation feedback.
Evaporation leads the donor star to enhanced mass losses. This phe-
nomenon was studied by Ruderman, Shaham & Tavani (1989) and
Ruderman et al. (1989). In these papers, the authors studied the ef-
fect of evaporation wind in the case of binary systems composed
by a NS with very light companions (< 0.1 M⊙) due to various
types of radiation, during accretion phase or when this process has
ended. One of the main objectives of their research was to find a
possible explanation for the existence of isolated millisecond pul-
sars without a visible companion that has acted as its donor in a
recycled scenario. The role of evaporation is essential to depict the
1 As usual, the NS and donor star are indicated with subscripts 1 and 2
respectively
evolution of certain binaries to the black widow state (see, e.g.,
Benvenuto, De Vito, & Horvath 2012).
On the other hand, irradiation feedback occurs during RLOF
episodes, when matter falls onto the NS and releases X-ray irra-
diation that illuminates the donor star. Podsiadlowski (1991) first
studied the effect of irradiation in LMXBs. For stars that have
a thick enough outer convective zone, this phenomenon makes
their structure to change considerably making its effective surface
to become smaller. Accordingly, in some cases the donor star is
unable to sustain the RLOF and becomes detached. Subsequent
nuclear evolution may lead the donor star to experience RLOF
again, undergoing a quasi-cyclic behaviour (Hameury, et al. 1993;
Bu¨ning & Ritter 2004; Benvenuto, De Vito & Horvath 2014). This
process may affect the evolution of the LMXBs, explaining the
classical discrepancy between the millisecond pulsar and LMXB
lifetimes (Pfahl, Rappaport & Podsiadlowski 2003).
Here, we shall show that it is possible to account for the
masses, the orbital period, and the characteristics of the WD of
PSR J0740+6620 system, provided that the system has a very low
metallicity. Besides, we show that the NS in this system can reach
its large mass without the necessity of being initially more massive
than the canonical value. We shall also consider the capability of
binary evolution models considering irradiation feedback to pro-
vide a plausible scenario for the formation of the PSR J0740+6620
system.
The remainder of this paper is organised as follows. In Sec-
tion 2, we describe our stellar code. In Section 3, we expose the
results we obtained and present a progenitor for PSR J0740+6620.
Lastly, in Section 4, we review the main results presented in this
paper and we give some concluding remarks.
2 OUR NUMERICAL MODEL
Our research was performed using the binary evolutionary code
presented in Benvenuto & De Vito (2003). This code was updated
by the inclusion of evaporation of the donor star and irradia-
tion feedback. Every time the system is in a Roche Lobe Over-
Flow (RLOF) state, the code works in a fully implicit way, solv-
ing the donor star’s structure together with the mass transfer rate,
the increase/decrease of the mass of both stars in the system and
the evolution of the orbital semi-axis. This method is numeri-
cally stable and allows for the calculation of mass transfer cycles
(Benvenuto, De Vito, & Horvath 2012). When the system is de-
tached, the code employs the standard Henyey technique. For fur-
ther details, we refer the reader to Benvenuto, De Vito & Horvath
(2014) and references therein. In our studies the normal star is the
donor, i.e., the star that suffers RLOF, and the NS acts as an accret-
ing compact object. In this work we shall take irradiation feedback
into account but ignore evaporation since at these stages it is ex-
pected to be not relevant.
3 NUMERICAL RESULTS
In order to find a plausible progenitor for the PSR J0740+6620
system, we computed the evolution of binary systems initially com-
posed by a NS and a normal star on the Zero Age Main Sequence.
We considered donor stars with initial mass M2 = 1 M⊙, hydrogen
mass abundance of X = 0.7381 and metallicities of Z = 0.0174 (the
Solar value, see Asplund, et al. 2009), 0.0010, 0.0003 and 0.0001.
The initial NS mass is assumed to be 1.4M⊙ in all our simulations.
c© 2019 RAS, MNRAS 000, 1–7
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 PSR J0740+6620
Figure 1. Final orbital period of the system as a function of the final mass
of the donor star for different metallicities. The metallicity of the donor star
is indicated for each curve. Black curves were calculated for this work and
the red dot curve labeled as DVB12 corresponds to De Vito & Benvenuto
(2012), whereas the other red curves were taken from Tauris & Savonije
(1999). The horizontal thick line labeled as PSR J0740+6620 represents
the observational data of this system.
Initially, in constructing these models we considered different
values for the fraction β of the matter transferred from the donor
that is eventually accreted by the NS. The accretion onto the NS
is limited by the so called Eddington accretion rate M˙Edd = 2 ×
10−8 M⊙y
−1 (Podsiadlowski, Rappaport & Pfahl 2002). The choice
of the parameter β has a direct impact on the final NS mass, but has
a minor effect on the evolution of the donor star. After some explo-
ration of the parameters space we decided to assume conservative
mass transfer, i.e. β = 1 in all our final calculations. Of course,
lower values of β and higher initial masses M2 are possible and
would eventually give other different solutions for the progenitor
of PSR J0740+6620. Nevertheless, it is not the aim of this paper
to provide a whole family of plausible solutions for the problem
at hand, but to demonstrate that at least one does exist. If β < 1
we need to consider initially more massive donor stars because
they undergo higher mass transfer rates on shorter RLOF episodes.
Thus, the threshold imposed by M˙Edd will have a larger impact,
since a fraction of the transferred mass is lost away from the sys-
tem and the condition that the NS has to grow up to the observed
mass in PSR J0740+6620 system is more difficult reach.
It is well known that for systems that have donor stars with
masses not too low, there is a rather well defined relation between
Figure 2. HR diagram for the donor star with initial mass M2= 1 M⊙, Z=
0.00010 and initial orbital period Porb= 0.45 days. The continuous red line
corresponds to the irradiated model with αirrad = 0.10 whereas the black
dot dashed curve corresponds to non irradiated one.
the final donor mass and the orbital period, M2–Porb (see, e.g.,
Rappaport, et al. 1995) We employed these relations to find a sys-
tem able to account for the observed masses and orbital period of
PSR J0740+6620. Fig. 1 shows these relations for the metallicity
values computed for this work. Each point on these curves repre-
sents the final state of the evolutionary track of one binary system.
The characteristics observed for PSR J0740+6620 are reached by
a system with Z= 0.00010. This is in qualitative concordance with
the suggestion made by Cromartie, et al. (2019) based on the re-
lations presented by Tauris & Savonije (1999). Following our cal-
culations, we conclude that a system that undergoes conservative
mass transfer and initially has M2 = 1 M⊙, MNS = 1.4 M⊙, Z=
0.00010 and Porb= 0.45 days represents a plausible progenitor for
PSR J0740+6620.
In addition, as stated above (§ 2), we took into account the
effects of irradiation feedback on the evolution of the system de-
scribed above (with initial M2= 1 M⊙, initial Porb= 0.45 days and
Z= 0.00010). We considered the case of αirrad = 0.10 which rep-
resents an intermediate case for the effects induced by irradiation
on the evolution. Fig. 2 shows the evolution of the system consid-
ering irradiation and ignoring it. The irradiated system undergoes
some mass transfer cycles. As it can be seen in Fig. 3, during the
cyclic stage of mass transfer of irradiated models, the mass trans-
fer rate from the donor star largely exceeds the Eddington Rate on
very short timescales. Thus, even having assumed β = 1, some ma-
c© 2019 RAS, MNRAS 000, 1–7
4 M. Echeveste, M. L. Novarino, O. G. Benvenuto, & M. A. De Vito
Figure 3. Donor mass transfer rate as a function of time for a system with
initial mass M2= 1 M⊙ and initial orbital period Porb= 0.45 days. The con-
tinuous red line corresponds to a system with irradiation feedback with
αirrad = 0.10 and the black dashed curve corresponds to a system without
irradiation. The horizontal line indicates the Eddington Rate
terial is lost from the system. This represents an obvious difficulty
for getting high mass values for the accreting NS. A detailed cal-
culation shows that even in this situation, the masses of the com-
ponents M2 and M1 (NS mass) of the system are still compatible
with the observations made by Cromartie, et al. (2019) (see Fig. 4).
Hence, irradiation is not an unavoidable ingredient to successfully
reach the observed parameters (masses and orbital period). So, for
studying the present evolutionary state of PSR J0740+6620 this
phenomenon may be neglected.
In what follows, we shall analyse three different conditions
for the evolution of the donor star ignoring irradiation feedback2 .
After the donor star detaches from its Roche Lobe, it has a thick
hydrogen-rich envelope while the interior has a helium composi-
tion. Thus, initially we analysed the cases of donor models con-
sidering and ignoring diffusion. As we shall show below, these
models do not cool down fast enough to account for the observa-
tions of a very cool helium-dominated atmosphere WD made by
Beronya, et al. (2019). To reach such a state we had to remove all
the remaining H in the donor star envelope. We did it when the
donor attains its maximum luminosity on the other tracks assuming
it has been converted into helium.
2 It is a fortunate situation that this is adequate for our purposes, since
irradiated models are very time consuming.
Figure 4. The masses of the components a function of time. The contin-
uous red line corresponds to the irradiated system with αirrad = 0.10 and
the black dashed curve corresponds to the non irradiated system. The top
(bottom) panel shows the evolution of the mass of the NS (donor star). The
horizontal lines represent the limits of the observed mass respectively.
The evolutionary tracks for these three cases are presented in
Fig. 5. The calculations without diffusion show a fast evolution
to high effective temperature values and a subsequent slow and
smooth cooling as a WD. Calculations were stopped at ages in ex-
cess of the Hubble time. Even so, the donor star remained far hotter
than observed, making it to be incompatible with observations. It
can be expected that models considering diffusion are more promis-
ing. Diffusion provides an hydrogen tail that reaches very hot lay-
ers inducing the occurrence of several thermonuclear flashes at the
bottom of that rather outer layers (se, e.g., Benvenuto & De Vito
2004). Indeed, much hydrogen is burnt out making the star to cool
down faster than the model without diffusion (see Fig. 6). However,
as in the former case, models considering diffusion still remain hot-
ter than observations for the age of the Universe. Notice that, apart
from the temperature and luminosity, the outer stellar layers are still
hydrogen rich.
The donor star model in which we have removed all H at its
envelope initially reaches a very high temperature and luminosity
because its outer layers became suddenly much more transparent.
This should be considered as an unrealistic consequence of the pro-
cedure. This very high luminosity depends on the details of the
artificial procedure performed to remove the remaining H. Fortu-
nately, these details have no impact on the subsequent evolution
of the object. The model quickly reaches a cooling track for an
c© 2019 RAS, MNRAS 000, 1–7
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Figure 5. Hertzsprung-Russell diagram for the evolution of a donor star with initial mass M2= 1 M⊙ and initial orbital period Porb= 0.45 days. The left panel
shows the evolution of the system without diffusion, the middle panel corresponds to the case with diffusion and the right panel shows the system which has
lost all its H. In the latter, the two tracks correspond to the details of the artificial procedure performed to remove the remaining H (the fewer the number
of models we employ to switch from H to He, the higher the maximum luminosity). Of key relevance is that these details have no impact on the subsequent
evolution of the object.
The temperature observed for PSR J0740+6620, denoted with a vertical red dot line.
helium-rich WD finally reaches a temperature compatible with the
observations made by Beronya, et al. (2019) in a time scale smaller
than the age of the Universe. On the contrary, donor stars which still
have H in their envelopes do not cool enough to become compati-
ble with observations. Fig. 7 shows the evolution of the temperature
in the three cases (H-rich envelope without and with diffusion, and
He-rich envelope). After the age of 6.5 Gyrs, the curves begin to
separate and the system which has a He dominated envelope cools
down faster than the other models. Something similar happens with
the luminosity (Fig. 8). For an He dominated envelope, luminosity
suffers a pronounced decay, caused by the lack of H which acts as
an insulator.
It can be considered that the so called “born-again” scenario
proposed long time ago by Iben, et al. (1983) is a promising pro-
cess to make the star to loss all its hydrogen by a nuclear burning
process. Although we found several hydrogen burning flashes, they
were not strong enough to burn out all the remaining hydrogen.
In any case, for PSR J0740+6620 some process should have hap-
pened to remove the remaining hydrogen, but the detailed physical
process is still not clear at this moment.
4 DISCUSSION AND CONCLUSIONS
In this paper our motivation was to explore a possible origin for
the very massive NS in PSR J0740+6620. Using the binary evo-
lutionary code developed by our group, we searched for plausible
progenitors for the binary system that contains this MSP. We con-
sidered a conservative system, i.e. all the matter lost by the donor,
when it is below the MEdd rate, is accreted by the NS (β = 1),
and examined different initial values for the mass of the donor star,
the orbital period and metallicites. We analysed the effects of irra-
diation feedback on the evolution of the system, finding that both
irradiated and non irradiated models provide plausible progenitors
for PSR J0740+6620. However, binary evolution predicts a hydro-
gen rich envelope. Thus, we explored diffusion effects on the donor
star and found that stars which have H-rich envelopes do not cool
down fast enough to reach the very low effective temperature ob-
served for its companion (Beronya, et al. 2019). If we remove the
remaining hydrogen of the envelope of the donor star, we verified
that the compact remnant of the donor star cools down fast enough
to reach the observed effective temperature in a time scale smaller
than the age of the Universe.
We found that the model with initial masses M1 = 1.4 M⊙
and M2= 1 M⊙, orbital period Porb=0.45 days, and Z= 0.00010,
accounts for the evolutionary status of the system observed by
Cromartie, et al. (2019). Also, from an evolutionary point of view,
we found that the envelope of the white dwarf should be hydrogen
free, which is in nice agreement with the composition observed by
(Beronya, et al. 2019).
In our calculations we have found that the donor star expe-
riences few thermonuclear flashes during which lead to a sudden
increase of luminosity. These flashes do not burn all its remaining
hydrogen leading to large the discrepancy with observations. Ev-
c© 2019 RAS, MNRAS 000, 1–7
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Figure 6. The luminosity as a function of time for the evolution of the donor
star during the hydrogen shell thermonuclear flashes caused by the diffusion
processes.
Figure 7. Effective Temperature of the donor star as a function of time
for the three different cases (H-rich envelope without and with diffusion,
and He-rich envelope) shown in Fig. 5. The temperature observed for
PSR J0740+6620 companion is denoted with an horizontal line.
Figure 8. Luminosity of the donor star as a function of time for the three
different cases (H-rich envelope without and with diffusion, and He-rich
envelope) presented in Fig. 5.
idently, in our calculations some physical ingredient has a largely
underrated relevance, or is simply lacking. One possibility is that
the effects of diffusion have been underestimated and in reality they
lead to stronger thermonuclear flashes. If so, much of the hydrogen
would be burnt out but also some of it may be lost in a later flash
driven RLOF. Another possibility is that evaporation of the donor
is indeed non-negligible as we have assumed in calculations. All
these possibilities warrant a future detailed exploration.
We want to thank our anonymous referee for his/her correc-
tions and suggestions that have helped us improve the original ver-
sion of this paper.
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